Objectives. To model the hypothetical impact of preventing excessive gestational weight gain on midlife obesity and compare the estimated reduction with the US Healthy People 2020 goal of a 10% reduction of obesity prevalence in adults.
I
n 2011, the prevalence of obesity in adult US women overall was more than 30%, and was highest in non-Hispanic Black and Hispanic middle-aged women. 1 Prevention of weight gain is imperative because obesity is a risk factor for many diseases throughout the life course, and once established, is intractable. 2, 3 Objective 9 of Healthy People 2020 calls for a 10% decrease in the obesity prevalence in adults aged 20 years and older (from 33.9% to 30.5%) by 2020. 4 In its 2009 report, the Institute of Medicine (IOM) concluded that excessive gestational weight gain (GWG) is common in US women, and strongly associated with maternal weight retention up to 3 years postpartum, but deemed the evidence for longer-term weight less conclusive. 5 Only 6 published studies have followed women more than 10 years after birth. [6] [7] [8] [9] [10] [11] Although it is informative, current evidence is not based on nationally representative US samples, does not focus on disparities by race/ethnicity, includes only a single birth per mother rather than repeat pregnancies, and is not reported in a way that allows assessment of how excessive GWG might contribute to meeting the Healthy People 2020 goals for women who have given birth in the United States. To our knowledge, no experimental trials of gestational weight gain have followed women into midlife, which is not surprising given the costs and complexity of conducting an experimental intervention with such longterm follow-up.
To address these gaps in knowledge, we estimated the reduction in obesity that could be expected if a theoretical intervention at the clinical or public health level 12, 13 prevented all excessive GWG in US women, and compared our findings with Healthy People 2020 Objective 9. We used an analytical strategy based on the causal roadmap presented by Petersen and van der Laan, which outlines a principled step-by-step process that allows one to formulate and attempt to answer causal questions, while acknowledging limitations in data and methodology that prevent a casual interpretation of results. 14 We estimated the effect of GWG on obesity at age 40 years in the longitudinal cohort's first, second, and third pregnancies, and investigated how its magnitude varied by pregnancy order, prepregnancy body mass index (BMI; defined as weight in kilograms divided by the square of height in meters), age at first birth, and race/ethnicity.
METHODS
The National Longitudinal Survey of Youth 1979 (NLSY79) is a nationally representative, longitudinal cohort study of individuals who were aged 14 to 21 years in 1979, described in detail elsewhere. 15 Pregnancies were reported in 4931 of 6061 of the originally enrolled women; we excluded those intentionally dropped from follow-up by NLSY79 15 (n = 905), with nonsingleton gestations (n = 103), or missing data on parity (n = 5), yielding our analytical sample of 3917 women with least 1 singleton birth before age 40 years followed through 2010, to age 40 to 41 years. Of these, 2883 (74%) had complete data on exposure and outcome.
Variables
Participants reported their weight at the time of each annual or biennial interview beginning in 1981 and adult height in 1985. Prepregnancy and delivery weights were recalled for each pregnancy in 1986 and reported at each survey wave thereafter. We defined midlife (age 40-41 years) obesity as BMI greater than 30. We calculated prepregnancy BMI and divided it into 4 categories; these were used to categorize GWG (delivery weight minus prepregnancy weight) as inadequate, adequate, or excessive according to the 2009 IOM recommendations. 5 We used the National Health and Nutrition Examination Survey validation data to regression-calibrate self-reported midlife BMI measures, 16 but no validation data for this sample are available to calibrate pregnancy-related weights. To assess reliability, we used the longitudinal data to compare the BMI classification based on prepregnancy weight recalled after pregnancy with reported nonpregnant weight at the closest previous examination before that pregnancy. Both measures classified women similarly, suggesting good reliability.
Potential confounding factors, selected a priori, included self-reported maternal age at first birth, prepregnancy BMI category, smoking, alcohol use or calorie restriction during pregnancy (no, yes), gestational age (weeks), mother's birthplace (foreign or not), educational attainment of mother at delivery as well as mother's parents (less than high school, high school or some college, college or greater), marital status (no, yes), and income (equivalized for household size). 17 Race/ethnicity categories included nonBlack, non-Hispanic (88% White; hence described as White/other), non-Hispanic Black, and Hispanic (Hispanic, Latino, or Spanish).
Analytic Approach
We theorized that a fully effective public health intervention could be designed to eliminate excessive GWG. Our goal was to estimate whether such an intervention could have a meaningful population impact on the prevalence of women with obesity at age 40 years in this representative sample of childbearing women. We used a serial cross-sectional design, considering first, second, and third pregnancies separately. For models of second and third births, we also controlled for prepregnancy BMI and GWG in previous pregnancies, which are the most relevant confounders associated with parity. A longitudinal analysis modeling the combined effect of an intervention to eliminate excessive GWG at all pregnancies was also an option, but we chose to assess the effect of eliminating excessive GWG at each particular pregnancy, with control for the effects of weight gain at previous pregnancies. We believe that this approach is relevant given that any real-world intervention would likely consist of intervening on a cohort of women at a particular pregnancy, rather than repeating the intervention.
Our analysis was motivated by the causal roadmap approach, 14 described briefly here, and with more detail in File A (available as a supplement to the online version of this article at http://www.ajph.org). Under ideal circumstances (i.e., randomization of gestational weight gain), this framework provides estimators of causal effects (i.e., changes in distribution of the midlife obesity outcome for a theoretical intervention to reduce excessive gestational weight). However, because this study is observational, and important confounding variables are not measured, the estimates here are interpreted as associations.
Our method had several steps. First, we used multiple logistic regression to model the probability of obesity at age 40 years as a function of GWG and potential confounding variables (including history of GWG for previous pregnancies) and assessed interactions between GWG and 3 variables (age at first birth, prepregnancy BMI category, race/ethnicity) identified a priori. Our analytic data set was subject to missing data. Of the 3917 women with first pregnancies, 9% were missing the exposure (GWG), 20% were missing the outcome (midlife BMI at age 40 years), and 37% were missing at least 1 covariate. We multiply imputed missing covariates by using the mi package in R (version 3.3.2 [2016-10-31], R Foundation, Vienna, Austria). 18 To adjust for missing exposure and outcome data, we included only 2883 individuals with observed outcomes and exposures in our regression, and then weighted these individuals by using inverse probability of censoring weights. We generated the probability of missing either the exposure or outcome (or both) given the covariates with logistic regression.
Second, we used the fitted multiple logistic regression model to predict the probability of obesity at age 40 years for each individual at 2 GWG levels: each woman's observed GWG level and her intervention-defined GWG level, keeping her covariate levels as observed.
Third, we averaged these predictions for each condition. These averages represent the prevalence of midlife obesity under 2 scenarios: as reported in the observational survey (no intervention), and under the counterfactual condition, a hypothetical intervention whereby every NLSY79 mother with excessive GWG instead gained as recommended by IOM. These averages also used the inverse probability of censoring weights. We then calculated the absolute difference in prevalence between the 2 groups. This measure, estimated by using an approach known as parametric g-computation, is also known as the population intervention parameter, 19 and is comparable to a population attributable risk. 20 We also averaged predictions for each condition separately in categories of age at first birth, prepregnancy BMI, and race/ethnicity to determine if these variables modified the potential effectiveness of the hypothetical GWG intervention. We did not rerun our analyses within strata of interaction variables because of limited power in these subgroups. Instead, we used the predictions from models fit to the full data set. These full models adjust for all interaction variables.
Finally, to directly compare our estimated measure of effect to the 10% reduction in current US incidence of obesity called for by the Healthy People 2020 goal, we divided the difference associated with the intervention by the prevalence of obesity under no intervention. This is similar to a population attributable fraction parameter. The supporting information in File A (available as a supplement to the online version of this article at http://www.ajph.org) further details these parameters and the estimation strategy.
We accounted for the sample's complex multistage design by applying the NLSY79 survey weights and its clustered design with design-based estimates of the standard error. 21 We estimated standard errors by using a survey-specific bootstrap approach, 22 with the survey package in R, which has performed well in simulation. Table 1 presents characteristics of the observed sample, weighted to represent women in the US population with at least 1 child born to singleton pregnancies during the study period. For the first pregnancy, 15% of mothers were non-Hispanic Black, 6% were Hispanic, and 79% were White/other. There were approximately 4000 women with 1 birth, 3000 with 2 births, and 1500 with 3 births. The sample of women with more than 3 births (n = 550) was too small to analyze. More than 40% of mothers reported excessive GWG, with the highest prevalence in first births. Mean follow-up since delivery was 16, 13, and 11 years for women with first, second, and third pregnancies, respectively. Age 40 years obesity prevalence was greater than 30%, and did not vary substantially by parity but increased by prepregnancy BMI category at the first pregnancy (9%, 22%, 62%, and 88% for underweight, normal, overweight, and obese, respectively). The prevalence of midlife obesity was 23% for mothers with adequate GWG compared with 38% for those with excessive GWG. Table 2 describes the characteristics of first births by race/ethnicity. Excessive GWG ranged from 42% in Black mothers to 51% in Hispanic mothers. The prevalence of midlife obesity was 49%, 39%, and 26% in Black, Hispanic, and White/other women, respectively.
RESULTS
A successful theoretical intervention to eliminate excessive GWG in NLSY79 mothers with first pregnancies was associated with a significant 3.3 (95% confidence interval [CI] = 1.0, 5.6) percentage point decrease in the prevalence of midlife obesity, from 31.0% in the population as observed to 27.7% in the population under intervention. In second pregnancies, the intervention was associated with a significant reduction in obesity prevalence of 3.0 (95% CI = 0.7, 5.2) percentage points from 31.8% to 28.0%. For third pregnancies, the estimated reduction was only 1.0 percentage point and not significant (95% CI = -2.0, 3.9%; Table 3 ; Figures A and B , available as supplements to the online version of this article at http://www.ajph.org).
The association between the theoretical GWG intervention and midlife obesity differed by race/ethnicity. Eliminating excessive GWG in Black mothers would be expected to reduce midlife obesity prevalence by 6.7 percentage points (95% CI = 3.3, 10.0) from 49.7% as observed to 43.0% under intervention. This was larger than percentage point reductions of 2.9 (95% CI = 0.1, 5.7; from 26.8% to 23.8%) in White/other and 0.4 (95% CI = -6.3, 7.0; from 41.0% to 40.7%) in Hispanics (Black vs White/other: P = .09; Black vs Hispanic: P = .09; Table 3 ; Figures A and B , available as supplements to the online version of this article at http://www.ajph.org). There was no evidence of effect measure To compare our results overall to the Healthy People 2020 goal, we estimated the expected relative reduction in midlife obesity as a population attributable fraction. Figure 1 shows that eliminating excessive GWG in NLSY79 women in the first pregnancy could be expected to significantly reduce midlife obesity by 10.7% (95% CI = 3.3%, 18.1%). Eliminating excessive GWG in the second pregnancy was associated with a significant 9.3% reduction (95% CI = 2.2%, 16.5%). The expected reduction in the third pregnancy was much smaller and not significant (2.8%; 95% CI = -5.9%, 11.6%).
DISCUSSION
Excessive GWG was reported in more than 40% of pregnancies. By age 40 years, almost 1 in 3 mothers were in the obese category, with even larger proportions among Black and Hispanic women. Our models suggest that a theoretical intervention to successfully prevent excessive GWG in first or second pregnancies reduced these mothers' absolute prevalence of midlife obesity by about 3 percentage points overall. This finding did not vary by prepregnancy weight category or age at first birth, suggesting that the benefit may be generalized, rather than focused only on mothers with prepregnancy obesity or older age. However, there was evidence for racial/ethnic differences. Obesity prevalence was reduced by approximately 3 percentage points for White women, but associations were twice as strong in Black women, with no association for Hispanic mothers. Overall, the findings from this nationally representative population suggest that preventing excessive GWG in first or second pregnancies could achieve the US Healthy People 2020 goal for reducing obesity in midlife women with a history of childbearing-as well as contribute to reducing the Black-White disparity in obesity.
Our findings are consistent with the 6 previous birth cohort studies that prospectively followed pregnant women for 15 to 21 years after birth 6-11 and 2 meta-analyses. 23, 24 These observational studies estimated that increases in long-term BMI range with excessive GWG range from 0.68 6 to more than 3 kilograms per meter squared, 7, 8 after one accounts for maternal, behavioral, and health characteristics such as diet, physical activity, and age at menopause.
Trials to promote healthy GWG have not examined differences in effectiveness by parity, and little is known about how parity influences GWG and long-term obesity, as previous birth cohort studies included only a single birth per mother and adjusted for, rather than investigated, the role of parity. The NLSY79 cohort included data on repeat births, allowing us to assess effect modification by parity. We cannot explain our finding that a successful GWG intervention was associated with reduced long-term obesity for the first 2, but not third births. The third pregnancy group was older and included more mothers with overweight or obesity, but the prevalence of excessive GWG was identical to second pregnancies, and the models for second and third pregnancies were adjusted for BMI and GWG in previous pregnancies. Future studies are needed to better understand the relationship between GWG, long-term maternal obesity, and birth order; cohorts that include more than 1 birth per mother would be helpful.
The hypothetical intervention was associated with twice the reduction in obesity for Black compared with White/other women in this sample. The possibility that avoiding excessive GWG could have greater benefit for preventing long-term obesity in Black mothers is important because Black women have the highest prevalence of obesity in the United States overall, as well as during childbearing years 1 ; in addition, (14) 106 (17) 247 (12) Obese: ‡ 30 75 (7) 33 (5) 128 (6) IOM gestational weight gain category Notes. BMI = body mass index, defined as weight in kilograms divided by the square of height in meters (kg/m 2 ); IOM = Institute of Medicine. Counts are observed data, and all percentages, means, and standard errors are weighted population estimates.
weight loss in this group is especially difficult to attain and maintain, 25 though a small, recent moderate-intensive technology-based randomized trial significantly reduced excessive GWG in Black women with overweight or obesity. 26 By contrast with White/ other and Black women, preventing excessive GWG did not significantly reduce midlife obesity prevalence in Hispanic mothers. We are unable to explain this finding, as racial/ ethnic differences in GWG are poorly understood. 27 Additional longitudinal studies of diverse populations that consider differences by parity and race/ethnicity are needed to verify our findings and assess the role of lifestyle behaviors and other characteristics. If differences are confirmed, studies are needed to inform the development of efficient and cost-effective strategies that target specific groups.
Our analysis assumed that an effective and implementable intervention is possible, but we could not specify its qualities, because of lack of consensus in the published body of evidence. Although there is agreement that weight management for childbearing women in the clinical setting is essential, 5 and the most recent Cochrane Review concluded that there is high-quality evidence that lifestyle interventions that combine diet and exercise can reduce excessive GWG, 28 others determined that interventions studied to date produce only modest changes, and vary by subgroup, suggesting limited effectiveness overall. 29, 30 This is not surprising, because comprehensive, ongoing, time-intensive interventions are required to lose and maintain weight in adults. 31 Furthermore, individual behavior does not occur in a vacuum, and the published trials tested short-term, standardized clinical protocols and could not focus on individualized interventions based on women's priorities and needs; cultural, social, and economic circumstances; and the greater context of their family, community, and the physical and social environment. 29, 32 It is clear now that identifying effective interventions requires developing and testing more tailored clinical approaches, 29 as well as public health, systems-level interventions that educate and motivate individuals, families, and communities to advocate the development and implementation of population-level policies and programs to promote healthy weight. 29, 32 Although we agree with the call to expand the window of intervention for childbearing women to include before and after pregnancy, 29, 32 our analysis suggests that an effective and feasible intervention at the clinical and public health levels that focuses only on preventing 
Limitations and Strengths
This study had limitations. First, data were self-reported. Findings from a recent systematic review conclude that although selfreported prepregnancy BMI and delivery weight may misclassify BMI or GWG, this reporting error does not substantially change conclusions about associations between selfreported GWG and birth outcomes. 33 However, validation studies assessing longterm maternal weight as the outcome have not been reported, so future studies with measured weight to confirm our findings are needed. Second, lack of data on potentially important confounding variables such as diet, physical activity, depression, or body composition prevents us from interpreting our findings causally (File A, available as a supplement to the online version of this article at http://www.ajph.org). Nonetheless, our findings are consistent with previously reported analyses of excessive GWG and long-term weight with measured weights and potentially important covariates unavailable in our study. 8, 9 Third, although we could not follow all women who enrolled in the study to age 40 years, the magnitude of loss to follow up in this sample is consistent with that of other prospective multidecade cohorts, 34 and a previous study of NLSY79 women followed to midlife suggested little change in study composition over time. 35 Fourth, we had limited power to assess differences in all subgroups, to consider 3-way interactions, and to study women with more than 3 births or Asians separately. Furthermore, the NLSY79 Hispanic sample is too small and heterogeneous to provide specific information on ethnic subgroups. Finally, the majority of NLSY79 study participants were pregnant before the obesity epidemic, and the relationships we report here may differ from those in contemporary samples. Future studies with adequate sample sizes, measured or validated weights, and data on confounding and mediating variables are needed to fully understand relationships between excessive GWG and obesity at midlife, particularly in minority women.
The statistical method we used commonly assumes that the exposure is fully eliminated (total prevention is also assumed in more traditional methods such as logistic regression; see File A); however, in practice, the most effective intervention in a population is likely to reduce, not eliminate, excessive GWG prevalence. It is important to recognize that more modest decreases in the exposure will also diminish the estimated decreases in long-term obesity than we report here. We were unable to quantify changes in long-term weight associated with partial reductions in excessive GWG prevalence because the knowledge of the characteristics of responders and no-responders to a specific intervention is not available, but this is an important area for future work.
These limitations are balanced by prospectively collected data on pregnancy and obesity prevalence over 3 decades in this nationally representative sample of mothers with assessment of effect measure modification by parity, race/ethnicity, prepregnancy weight, and age at first birth. Use of a counterfactual framework, which "manipulated" our observed GWG exposure, contrasting long-term obesity prevalence with and without a hypothesized intervention, 13 allowed us to utilize this unique observational survey to directly address the Healthy People 2020 obesity goal for the subset of US women with at least 1 pregnancy.
Public Health Implications
Permanent weight loss is extremely difficult, 3 so prevention of weight gain is a crucial tool for addressing the obesity epidemic. Promoting healthy weight gain during pregnancy could be one path to lower obesity prevalence in midlife women. Our estimated 10% relative reduction in long-term obesity meets the US Healthy People 2020 obesity reduction goal 4 for the subset of women in the population who have been pregnant, but assumes a fully effective GWG management intervention. Less complete intervention would be expected to reduce obesity to a smaller extent, but any reduction would exceed the World Health Organization's "modest-sounding, but impressively challenging" target of a 0% increase in global obesity prevalence by 2020. 32 Though more research and innovations in health care and the environment are needed to help pregnant women manage their weight, the effort to intervene effectively is worthwhile because preventing excessive GWG has the potential to have an impact on other important health conditions, including gestational diabetes, large for gestational age, cesarean delivery, and childhood obesity, as well as reducing maternal prepregnancy obesity in subsequent pregnancies, which confer numerous shortand long-term health risks for mother and child. 5, 29, 30 These results support the view that pregnancy is a pivotal time to address the obesity epidemic. 
